Seed development in maize (Zea mays) can be divided into three phases based upon morphology and regulation of seed storage protein synthesis (Randolph, 1936; Kiesselbach, 1949; Jones and Brenner, 1987; Kriz, 1989; Ober et al., 1991) . During embryogenesis, crucial morphological events occur as evidenced by rapid cell growth, mitotic division, and differentiation. During maturation, the embryo and endosperm enlarge through cell expansion, and storage metabolites are synthesized and deposited (Randolph, 1936; Burr and Burr, 1976; Bewley and Marcus, 1990; Wallace et al., 1990; Ober et al., 1991) . The onset of dormancy occurs at approximately 25 DAP. During this phase, the activities of most metabolic pathways decrease, and the seed undergoes desiccation.
There is evidence that isoprenoid compounds are necessary during seed development and may function to regulate specific developmental processes; these compounds include membrane sterols and ABA (Gage et al., 1989; Hole et al., 1989; Belefont and Fong, 1991) . In addition, synthesis of other isoprenoids necessary for early germination events may also occur during seed development (Bewley and Marcus, 1990; Belefont and Fong, 1991) . In spite of these isoprenoid requirements, there has been little investigation into how the synthesis of these compounds is regulated during seed development and seedling emergence. The enzyme HMGR catalyzes the conversion of HMG to MVA, the precursor to a11 isoprenoids. This reaction has been shown to be the rate-limiting step in mammalian isoprenoid biosynthesis (Bach et al., 1990) . In plants, these isoprenoids include sterols, natural rubber, phytoalexins, carotenoid pigments, and growth regulators such as cytokinins, GA3, and ABA. These compounds play critica1 roles in metabolism, growth, and development at specific times and in specific plant tissues (Bach, 1987; Gray, 1987; Stermer and Bostock, 1987; Bach et al., 1990) . It follows that the regulated synthesis of isoprenoids, and thus, the regulation of HMGR, is also vital to plant development. Although HMGR activity has been investigated in a variety of young plant tissues (Brooker and Russell, 1975; Russell, 1985; Bach, 1987; Stermer and Bostock, 1987; Narita and Gruissem, 1989; Bach et al., 1990; Ji et al., 1992) , there has been no investigation of HMGR activity during seed development. To begin to understand the role of the regulation of isoprenoid synthesis during seed development, we have addressed the question of whether HMGR specific activity is rcgulated during normal maize development. We have examined microsomal HMGR specific activity in maize embryos and endosperm during seed development and during subsequent seedling emergence.
MATERIALS AND METHODS

Plant Material
Seeds of Zea mays line FunkF(G4343) were backcrossed for four generations to provide the final inbred line used in this study. Seeds from field plants were harvested at various days after pollination; the pericarp was removed, and embryos and endosperm were excised. Embryos and endosperm were analyzed for HMGR specific activity.
Dry FunkF seeds from the spring 1991 planting were used for the germination study. Whole seeds were surface sterilized Plant Physiol. Vol. 101, 1993 in a 10% (v/v) solution of commercial bleach. Seeds were then rinsed with tap water and soaked for 24 h in onequarter-strength Hoagland solution. Seeds were then germinated on sterilized, damp paper towels in glass trays for 4 to 5 d at 25OC in either light or total darkness. Etiolated seedlings were harvested under a green safelight. For measurement of plastid HMGR specific activity, FunkF seeds were treated as above and germinated in seed pouches, and leaves were harvested after 10 d.
Preparation of Microsomal Vesicles
To avoid complications from diurna1 or circadian variations in HMGR activity that have been reported in the latex of Hevea brasiliensis (Wititsuwannakul, 1986) , seeds were harvested and microsomal fractions isolated on ice between 1O:OO AM and 12:OO PM. Microsomes were isolated from excised embryos and endosperm by differential centrifugation as described by Russell (1985) , and the microsomal pellets were resuspended in a solution of 0.2 M potassium phosphate buffer, pH 6.9, containing 50 mM DTT and stored at -2OOC. For the germination study, microsomes were isolated from excised embryos every 2 h from 1O:OO AM to 1O:OO PM. A11 subsequent isolations of seedlings, roots, and shoots took place at 1O:OO AM (24, 48, 72, 96, 120 h) or 1O:OO PM (36 h). Chloroplasts were isolated from leaves that were harvested according to the method of Russell (1985) . Plastids were then resuspended in a solution of 0.25 M potassium phosphate buffer, pH 7.9, containing 50 mM DTT.
Microsomal protein was measured according to the procedure of Ghosh et al. (1988) using BSA as a standard. Total protein content of individual embryos was measured according to the method of Kriz (1989) . Zein seed storage proteins were isolated from microsomal pellets as described by Wallace et al. (1990) .
Measurement of HMCR Specific Activity
The TLC method of Shapiro et al., 1974, in which an internal 3H[MVA] standard is used, was used to determine HMGR specific activities by measuring the amount of [14C]HMG-CoA converted to [14C]MVA. ~,~-3-hydroxy-3-methyl-[3-'4C]glutaryl-CoA (50 nmol, specific activity = 7500 dpm/nmol) and R-[5-3H]mevalonic acid (5000 dpm, specific activity = 250 mCi/mmol) were added to each reaction. After TLC, the region RF 0.6 to 0.9 was removed by scraping and assayed by liquid scintillation counting for both I4C and 3H. The I4C data were corrected for efficiency of migration during chromatography by use of the [3H]mevalonic acid internal standard. Enzyme activities are expressed as nanomoles of MVA synthesized h-' mg-' of protein. Controls, without protein or without NADPH, were used routinely. Two samples of rat hepatic microsomes of known HMGR activity, kindly provided by Nannette Yount (University of California, Irvine, CA), were used as positive controls.
The reductase activity using this system was linear with protein concentrations within the range of 2.5 to 200 p g and with an incubation time up to 30 min. Similar amounts of protein (between 10 and 50 p g ) were used in a11 HMGR assays regardless of the tissue used for membrane isolation.
Data points are the average of two to six independent assays with the variance averaging 4 2 % of the mean. Normally, >95% of the total HMGR activity was found in the microsoma1 pellet. The activity of maize HMGR microsomal preparations was stable for up to 1 year when extracts were stored at -2OOC.
Analysis of Membrane Marker Enzymes
Presence of ER membranes in microsomal samples was determined by measuring the activity of the ER-localized antimycin A-insensitive NADH-dependent CCR. The degree of mitochondrial contamination was assessed by measuring CCO. Both assays were performed as described by Briskin et al. (1987) . Any minor reduction of Cyt c by DTT was accounted for by including equal molar concentrations of DTT in control reactions not containing microsomal preparations. Negative control reactions without added NADH were also performed. Mitochondrial pellets were used as a positive control for CCO. In a11 samples tested, the CCO activity indicated that the microsomal fraction had <5% mitochondrial contamination (data not shown).
Protein Electrophoresis and Western Blotting
Samples of total microsomal protein were separated on 12.5% acrylamide SDS gels. Protein gels containing 20 p g of microsomal protein were stained with Coomassie blue. Protein gels containing l p g of microsomal protein were electroblotted onto nitrocellulose and reacted with a-zein antiserum (1:2000 dilution) as described previously (Vierling et al., 1989) . Bound antibody was visualized with the Enhanced Chemiluminescence western blotting detection system (Amersham, Arlington Heights, IL). The a-zein antibody was a gift of Brian Larkins (Department of Plant Sciences, University of Arizona, Tucson, AZ).
Chemicals
A11 reagents were analytical grade. [14C]HMG-CoA and
[3H]MVA were purchased from New England Nuclear Research Products (Boston, MA). A11 other reagents were purchased from Sigma (St. Louis, MO). Silica gel TLC plates were purchased from Alltech Associates (Deerfield, IL).
RESULTS
Crowth of Embryos during Seed Development
Growth rate of FunkF embryos during seed development is characteristically exponential as shown by the gain in both fresh and dry weight ( Table I ). The greatest deviation between fresh and dry weights occurs in the 10-DAP embryo, whereas the period of most rapid growth occurs between 14 and 30 DAP during the maturation phase. This increase in dry weight is also reflected in the increase in total protein content of the embryo during seed development (Table I) . increases at 14 DAP to one-half the maximal specific activity and remains relatively level throughout seed maturation before slowly decreasing throughout desiccation. HMGR activity finally decreases to a basal level of 2.1 k 0.0 units in the desiccated seed (Table 11 ). The HMGR activity of the embryo does not follow the exponential curve of embryo growth but changes in the different phases of seed development. To examine HMGR specific activity earlier in seed development, HMGR activity was measured in embryos isolated from an independent field planting of FunkF seeds (falll991). HMGR activity is elevated from 10 to 12 DAP with a mean of 121.7 +-18.5 units (Fig. 1) . Embryo HMGR activity then remains high until 13 DAP, when the activity decreases sharply to 30.5 f 3.0 units, similar to the decrease in HMGR activity observed in 13-DAP embryos from the spring 1991 planting. HMGR activity then increases at 14 DAI' and remains level until 16 DAP, varying only by f10 units (Fig.  1) . HMGR embryo activity exhibited the same temporal pattern in a third independent experiment (data not shown).
Expression of Microsomal HMCR Activity in
Endosperm during Seed Development
We also examined the HMGR specific activity in endosperm during various stages of seed development. Figure 2 shows HMGR specific activity for endosperm excised during development. Endosperm HMGR activity shows a pattern different from that observed in the developing embryo ( Figs.  1 and 2) highest at 10 DAP (216.0 f 4.3 units) and then declined after 12 DAI' to 63.9 k 6.4 units and remained at a basal level ranging only from 63.9 f 6.4 to 18.2 f 1.8 units throughout the remainder of seed development.
Composition of Microsomal Fraction
During endosperm development, zeins, the major seed storage proteins of maize, are synthesized on membranebound polysomes and are assembled into protein bodies in the ER (Burr and Burr, 1976) . These proteins are synthesized from 10 to 30 DAP and constitute approximately 50% of the total protein in the mature seed (Wilson, 1983; Marks et al., 1985) . Therefore, significant zein contamination of microsomal samples might effectively mask changes in, or lower, the measured endosperm HMGR activity.
The possibility that microsomal fractions from endosperm samples were contaminated with zein proteins was investigated. First, a second ER-localized enzyme, CCR, was measured in the endosperm microsomal samples. If zeins are contaminating microsomal fractions, one might predict that CCR activity should parallel HMGR activity. Instead, the CCR-specific activity remains constant throughout seed development, indicating little zein contamination of the microsomal fraction (Fig. 2) . Second, to estimate zein contamination in staged endosperm microsomal preparations, immunoblot analysis using antiserum against a-zein was performed. Samples from all isolation steps were also examined for a-zein cross-reactivity. Zeins were detected in very low quantities in endosperm microsomal samples with the maximum contamination occurring in 14-, 16-, and 20-DAP endosperm (data not shown). Finally, total zeins were isolated from both the microsomal pellet and the pellet from the lowspeed spin that removes mitochondria before microsomes are isolated (Russell, 1985; Wallace et al., 1990) . Because zein proteins isolated from the microsomal samples represent only 2 to 5% of total zeins isolated, it is likely that the low-speed spin also removes zein-containing protein bodies. This degree of zein contamination in microsomal pellets does not significantly change the specific activity of endosperm HMGR. Additionally, to assess whether there were obvious differences in microsomal protein profiles from the-staged endosperm, Coomassie staining of microsomal proteins on SDS-PAGE gels was performed. These gels show no major qualitative differences throughout seed development (data not shown). Therefore, the measured HMGR activity is a true reflection of the activity found in the endosperm microsomal fraction.
Expression of Microsomal HMGR Activity during Germination and Seedling Emergence
We examined the HMGR specific activity of embryos of seeds that had imbibed to determine when during germination and seedling emergence the activity begins to increase (Tables I1 and 111 ). In the preparations from the dried seed, at O h of imbibition, there is a low (2.0 f 0.0 units) level of HMGR activity-10-fold lower than the lowest activity detected in the embryo or endosperm during seed development. IlMGR activity remains at this basal level until48 h. Between (Table  111 ). In contrast, the shoot HMGR activity remains relatively constant between 72 and 120 h at 19.8 f 0.7 units. The contribution of plastid HMGR to total shoot HMGR specific activity could not be sufficiently determined, because only a basal level of activity of 2.0 f 0.0 units could be detected in isolated maize chloroplasts (data not shown). The effect of light on the in vivo microsomal HMGR specific activity was measured by comparing the activities of etiolated versus light-grown roots and shoots during a 3-d period. Exposure of tissues to white light reduces the HMGR activity 1-to 2-fold in roots and 4-to 5-fold in shoots relative to the activity found in the etiolated tissues (Table 111 ). In agreement with the results of Ji et al. (1992) , the in vitro activity of microsomal HMGR is not inhibited by light exposure (data not shown).
DISCUSSION
Embryo
We observed high levels of embryo HMGR specific activity during the earlier phase of seed development, a time period during which rapid cell divisions are occurring. The high levels of HMGR activity correlate with the requirements in dividing cells for isoprenoid compounds such as meinbrane sterols and electron transport chain components. High levels of HMGR activity in early seed development as well as the decrease in activity at 13 DAP have been confirmed in embryos from two independent field plantings. These similar patterns of HMGR activity suggest that HMGR may be regulated in the embryo during early seed development when rapid cell divisions and differentiation are occurring (Randolph, 1936; Kiesselbach, 1949) . Additionally, these high levels of embryo HMGR activity along with evidence from yeast (Basson et al., 1986) and mammalian studies (QuesneyHuneeus et al., 1979) , as well as studies of HMGR activity in meristematic maize tissues (Ji et al., 1992) , indicate that HMGR is critica1 for cell division and cell growth. This may reflect the need for sterols, which are believed to be essential for plant cell division (Grossman et al., 1985; Haughan et al., 1987; Haughan et al., 1988) . HMGR from other eukaryotic systems has been shown to be under developmental control. For example, in sea urchin, HMGR activity has been shown to increase 200-fold in the embryo during a period of extensive cell proliferation and membrane modifications (Woodward et al., 1988) . Our data are in agreement with these previous studies in suggesting that HMGR activity is elevated in the maize embryo during times of rapid cell division.
Endosperm
As predicted, the leve1 of HMGR specific activity is also high in the endosperm during periods when rapid cell divisions are occurring. This increased HMGR activity occurs before maximum zein protein accumulation (Burr and Burr, 1976; Wilson, 1983; Marks et al., 1985; Bewley and Marcus, 1990; Ober et al., 1991) . It is known that, following fertilization, rapid cell divisions occur throughout the endosperm to about 12 to 13 DAP. The mitotic activity in the central region of the endosperm peaks at about 8 to 10 DAP, rapidly declines at 12 to 13 DAP, and then ceases, while kernel development continues (Kowels and Phillips, 1985) . HMGR activity is very high in 10-and 12-DAP endosperm in parallel with this high mitotic activity. At 13 DAP, the HMGR activity decreases sharply, possibly marking the transition from cell division to differentiation. It is probable that the similar decrease observed in embryo HMGR activity at 13 DAP (Fig.  1 ) marks a similar phase change. Thus, HMGR activity may represent the first measurable biochemical marker for this critica1 phase change during maize seed development.
HMCR Activity Differs between Embryo and Endosperm during Maturation
During maturation, both endosperm and embryo are undergoing cell expansion. Clearly, membrane sterols would be required for this expansion, and thus HMGR activity might be expected to remain high. However, although embryo HMGR activity increases at 14 DAP by >40 units, endosperm activity remains relatively low throughout maturation and dormancy. This decrease in the endosperm is in sharp contrast to the activities of enzymes involved in starch synthesis, such as sucrose synthase, which show a rapid increase from 11 to 15 DAI' (Ober et al., 1991) . It is possible that the basal amount of HMGR activity in the endosperm is sufficient to fulfill a housekeeping role, providing substrates for cell expansion. Additionally, the increase in embryo activity may reflect the need of the embryo for increased MVA as a precursor to other isoprenoid compounds. The fact that both embryo and endosperm HMGR specific activities are much higher than the activity detected within the first 48 h of germination and seedling emergence underscores the importance of this enzyme during seed development, particularly during early seed development.
Although many isoprenoid compounds are potentially required during seed development, little is known about the seed's specific isoprenoid requirements. It is known, however, that the isoprenoid ABA is absolutely required in maize seeds to control or maintain aspects of seed dormancy, germination, and water relations (Robichaud et al., 1980; Jones and Brenner, 1987; Gage et al., 1989; Belefont and Fong, 1991) . Jones and Brenner (1987) demonstrated that maize embryos and endosperm have distinctive patterns of ABA accumulation during seed development. They showed that the embryo ABA content peaks during grain filling, just before onset of dormancy. Additionally, Gage et al. (1989) established that isolated maize embryos are capable of synthesizing ABA. Taken together, these findings suggest that ABA is synthesized in the seed, probably in the embryo.
We have found an increase in embryo HMGR activity at 14 DAP, prior to the predicted ABA peak, while the endosperm HMGR activity remains low. ABA is one of the many end products of the isoprenoid biosynthetic pathway, requiring MVA as a specific precursor (Bach, 1987) . The fact that HMGR activity appears to be differentially regulated during seed development in the embryo and endosperm supports the hypothesis that synthesis of some isoprenoid compounds, such as ABA, may also be compartmentalized. Our results also suggest that ABA levels may be inversely correlated with HMGR activity, and because there is some evidence for in vivo inhibition of microsomal HMGR activity by ABA in apical pea buds (Russell and Davidson, 1982) , it should be interesting to examine the relationship between ABA and HMGR in the maize seed.
HMCR Activity during Cermination and Seedling Emergence
The low levels of HMGR specific activity in the first 48 h of imbibition suggest that a11 isoprenoid compounds or intermediates needed by the plantlet during this period are present in the quiescent seed. Between 48 and 72 h, HMGR activity increases in both the root and shoot of light-grown plants. This increase may be due to the depletion of existing "pools" of intermediates or may reflect the changing needs of the growing plant for the wide variety of isoprenoid compounds required during germination and expansion (i.e. sterols, GA3, carotenoids, or side chains of Chls necessary for photosynthesis). It is interesting that shoot HMGR activity in both light-and dark-grown seedlings is lower than root HMGR activity. Because both the root and shoot are actively developing tissues, it is unclear why the activities are significantly different.
There are severa1 possibilities that might account for the differences between root and shoot activity. First, the lower cytosolic activity may not reflect the total HMGR activity of the shoot tissue. It is possible that there exists a maize shoot plastid HMGR activity that would account for the differences in activity levels and that would not be detectable under these assay conditions. Such plastid activity has been reported in pea and tomato (Brooker and Russell, 1979; Narita and Gruissem, 1989) . Only a basal HMGR activity could be detected in maize chloroplasts. This activity alone does not account for the large observed differences. Similar results with maize plastid activity were reported by Ji et al. (1992) . Our findings emphasize that maize HMGR activity appears to be associated exclusively with microsomal membranes. There is an additional controversy regarding the subcellular Plant Physiol. Vol. 1 01, 1 9 9 3 location of plant HMGR activities (Kleinig, 1989; Bach e t al., 1990) , and this awaits further study.
Second, because t h e activity is expressed on a total microsoma1 protein basis, t h e lower shoot activity m a y simply be artificially lowered by copurification of contaminating plastids. No obvious quantitative differences in total protein between light-grown roots and shoots were detected in Coomassie-stained SDS-PAGE gels of microsomal proteins (data not shown). Additionally, these differences between root and shoot HMGR activity are apparent in t h e dark-grown seedlings (Table 111 ). There is no significant effect of light on total membrane protein per unit fresh weight tissue (data not shown). Based on these results, the observed lower shoot activity is likely due t o decreased HMGR activity rather than an increase in other membrane proteins. Our data suggest that there may be real differences in the HMGR activity on a per cell basis, and such differences might reflect t h e changing needs of each tissue for certain isoprenoid compounds.
In vivo activity of HMGR has been shown t o be light regulated in maize leaf tips, pea, radish, and potato tuber tissue (Brooker and Russell, 1979; Bach, 1987; Gray, 1987; Stermer a n d Bostock, 1987; Ji e t al., 1992) . In agreement with previous observations, our data demonstrate a 2-to 4-fold increase in activity i n etiolated shoots, indicating a lightdependent inhibition of HMGR activity (Ji e t al., 1992) . In addition, results from this study show that maize microsomal HMGR activity is also lower in roots grown under light conditions.
SUMMARY
In these studies, we have shown that high microsomal HMGR activity has been correlated with stages of rapid mitotic division in the t w o components of t h e seed during early seed development a n d in meristematic tissues of t h e young seedling. During seed development, HMGR activity may represent a unique biochemical marker for t h e transition from mitotic division t o cell expansion in both embryo and endosperm. Maize H M G R activity appears to be developmentally controlled b o t h in t h e genetically distinct embryo a n d endosperm a n d i n t h e emerging root and shoot. Finally, there m a y be a correlation between HMGR activity and ABA levels in the seed. Whether elevated HMGR activity is necessary before increases i n ABA levels in the seed remains to be proven.
